Aims-Identifying early changes in hemostatic clot function as a result of tissue injury and hypoperfusion may provide important information regarding the mechanisms of traumatic coagulopathy. A combat-relevant swine model was used to investigate the development of coagulopathy during trauma by monitoring hemostatic function during increasing severity of shock.
INTRODUCTION
Hemorrhage is a major contributor to mortality and morbidity in trauma patients and is complicated by the presence of coagulopathy. 1 Both post-injury coagulopathy and base deficit are associated with increased morbidity and mortality in trauma patients, and tissue hypoperfusion is an important contributor to the early coagulopathy of trauma. 2, 3, 4, 5, 6, 7 Anticoagulation with enhanced fibrinolysis mediated by the Protein C pathway has been proposed as an important biochemical mechanism mediating this relationship. 8 However, when focusing on hemostatic clot formation, other potential contributors to the anticoagulant and fibrinolytic state described by Brohi et al. become possible.8 Altered platelet count or function, changes in fibrin fiber geometry, or changes in clot structure due to altered fibrin networks each play important roles during clot formation, and impairments of any of these processes have been shown experimentally to change the quality of the formed clot and strongly impact fibrinolysis.9 , 10 ,11 Observational data has revealed such early changes in clot quality during trauma when measured by means of Thrombelastography (TEG). 12 Therefore, formation of dysfunctional hemostatic clot structure and function may not be just an endproduct of altered biochemical processes associated with traumatic coagulopathy, but may also play an active role in the progression of coagulopathy, thus contributing to the vicious cycle of trauma-induced anticoagulation and fibrinolysis. Further investigation into the specific changes in clot quality and function taking place during the early period of traumatic shock are needed in order to define the potentially important contributions of early changes in clot structure and to develop potential countermeasures. This is especially important in settings such as combat where deliberate hypotensive resuscitation is contemplated as a means to reduce hemorrhage. Optimizing clot strength during this period might be considered a potential therapeutic target.
A primary limitation to experimental examination of traumatic coagulopathy has been the lack ofa standard and precise tool to measure severity of hypoperfusion and shock. Base deficit is related to tissue hypoperfusion and clinical studies have used base excess to define the relationship between hypoperfusion and coagulopathy.4 ,7 However, other comprehensive experimental measurements of oxygen metabolism including total body oxygen consumption (VO2) and Oxygen Debt (OD), achieved via indirect calorimetry, have demonstrated increased accuracy when quantifying injury severity and predicting mortality in experimental models. 13 VO2 and/or OD measurements have been applied clinically to trauma patients, and highrisk surgical patients in intensive care units, however direct measures of oxygen metabolism via indirect calorimetry have not been measured alongside hemostatic functional assays in the clinical setting mostly due to technical difficulty obtaining the oxygen transport measurements. 14 , 15
Much mystery still surrounds changes in clotting function taking place in the period after injury and prior to fluid resuscitation. Thus, characterizing changes in clotting function in a model of traumatic hemorrhagic shock at standardized levels of injury severity is a much needed first step towards identifying specific targets for further research.
We characterize the changes in clotting function taking place during the critical period after injury and prior to fluid resuscitation using TEG and an experimental model that allows for robust standardization of injury severity via continuous measurement of oxygen transport. We hypothesize that changes in hemostatic function will be present shortly after injury and will change as shock severity increases.
METHODS

Subjects and Instrumentation
This study was approved by the Virginia Commonwealth University Institutional Animal Care and Use Committee. Immature domestic swine weighing 40-50kg were initially sedated with intramuscular ketamine/xylazine (20mg/kg, 2mg/kg) and anesthesia was induced with intravenous sodium pentathol (10-20 mg/kg). General anesthesia was then maintained using intravenous alpha-chloralose bolus (40-50 mg/kg) followed by continuous infusion (10 mg/ kg/hour). Ventilatory muscle paralysis was maintained by pancuronium bromide 0.1mg/kg every 60 minutes. Animals were intubated and mechanically ventilated (iVent201, VersaMed Medical Systems, Inc., Pearl River, NY) at FiO2 21% to maintain an end-tidal CO2 level of 35-40 mmHg during a baseline equilibration period. Room air ventilation was used as means to mimic the combat setting where supplemental oxygen is not readily available. The left carotid artery was cannulated to allow for continuous recording of mean arterial pressure (MAP), and blood gas laboratory sampling. The right internal jugular vein was cannulated with a central venous oximetric catheter (Edwards Life Sciences, Irvine, CA) to allow for continuous monitoring of central venous hemoglobin oxygen saturation (ScvO2), blood gas sampling from the central venous circulation, and coagulation sampling. The left femoral artery was surgically exposed and cannulated to allow rapid arterial hemorrhage.
Indirect calorimetry was used to continuously measure oxygen consumption (VO2) breath-bybreath at the airway. Oxygen Debt (OD) was calculated at a frequency of 200 measurements per minute and expressed in ml/kg as the cummulative difference between VO2 during shock and VO2 at baseline integrated over time before and after active hemorrhage. OD increased or decreased in proportion to the magnitude of the difference between ongoing VO2 measurements vs. the baseline VO2 measurement, and the period of time spent at the current measurement and was displayed as a continuous measurement using integrated software (BIOPAC Systems Inc., Goleta, CA). Systemic blood gases and lacate measurements were made using the Stat Profile Critical Care Xpress bedside analyzer (Nova Biomedical Corp., Waltham, MA). Hematocrit (Hct), hemoglobin (Hgb), white blood cell (WBC) and platelet counts (PLT) were obtained using the VetScan HM2 Hematology System, bedside analyzer (Abaxid, Union City, CA). The Prothrombin time PT, Partial Thromboplastin Time (aPTT), and fibrinogen concentration were analyzed in platelet poor plasma by routine laboratory techniques using the Start-4 coagulation analyzer (Diagnostica Stago, Asnières, France). Hemostatic function was determined by Thrombelastography (TEG) (Haemoscope Corporation, Niles, IL). An aliquot of 340 μL of citrated whole blood was recalcified with 20 μL of 0.2M calcium chloride to initiate coagulation. The TEG parameters measured included the R-time (reaction time), which is a measure of the time it takes for clotting to start; the Ktime (kinetics time), which is an indicator of how fast the strength of the clot increases once clotting has begun; and the MA (maximum amplitude), which is an indicator of the maximum structural integrity obtained by the clot. 16 All coagulation measurements were performed at 37°C constant temperature. All devices were calibrated as directed by the manufacturers.
Traumatic Hemorrhage Protocol
Following instrumentation and baseline measurements, a captive bolt pistol was used to induce hind limb soft tissue injury and right hind limb mid-shaft femur fracture to simulate multisystem trauma. Mid-shaft femur fracture was confirmed in each animal by direct palpation and at necropsy. Simultaneously, subjects were hemorrhaged rapidly via the femoral artery catheter to an initial goal mean arterial pressure (MAP) of 30±5 mmHg. Hemorrhage was halted at goal MAP and subjects were maintained in shock, thus allowing OD to increase, throughout the remainder of the experiment. Blood samples for perfusion and coagulation analysis were obtained simultaneously from the central venous circulation at 3 time points; baseline prior to hemorrhage (D0), when OD= 40cc/kg (D40), and when OD = 80 cc/kg (D80) in order to standardize severity of injury for each group of samples. Subjects were not resuscitated with intravenous fluids, and were euthanized using intravenous potassium chloride (dose mg/kg) under anesthesia upon completion of the protocol. Body temperature was maintained in the normal porcine range, 38±1°C, by warming blankets and continuously monitored via rectal probe. A sham group instrumented as above but not hemorrhaged was used as controls.
Statistical Analysis
Continuous measurements were normally distributed and described using mean and standard error. Mean values were grouped by predetermined levels of OD (or time in sham controls) and compared for significant differences over time within groups and between experimental and sham groups using two-way repeated measures ANOVA. Tukey Kramer significance adjustment was used when comparing specific individual differences. Significant differences were defined as having a p value < 0.05 or a 95% confidence interval of the paired difference that did not include zero for individual comparisons.
RESULTS
Of 21 total subjects in the hemorrhage group, 18 swine weighing 45±6 Kg survived the initial hemorrhage and were included in analysis after having removed an average of 34±14% of total blood volume during the protocol. Another 5 subjects made up the instrumented sham group in which all steps were identical except traumatic injury and hemorrhage were withheld. Physiologic parameters measured in hemorrhage and sham groups are summarized in Table 1 . Direct global measures of oxygen transport and metabolic correlates including OD, lactate, and venous pH changed significantly during traumatic hemorrhage confirming worsening severity of metabolic dysfunction with acidosis during shock (all p < 0.001). None of the same parameters changed significantly over time in the Sham group (ANOVA p > 0.05 for all parameters). Hgb, Hct, and platelet counts did not change over time during traumatic shock, but Hgb was significantly less in the hemorrhage group at OD = 80 ml/kg compared to the sham group (p=0.04). (Table 2.) Coagulation changes during traumatic shock are summarized in Table 3 . PT and PTT did not change significantly during shock and were not different between groups (p > 0.21). Fibrinogen concentration fell rapidly during early shock in the hemorrhage group becoming significantly reduced by D40 (mean diff D0 vs D40 = −59.9 mg/dl, 95% CI diff [−95.1, −24.6]) and remained so until completion of the protocol. (Fig. 1) There was no significant further reduction in fibrinogen levels between D40 and D80. Of the TEG parameters measured; clot initiation (R time), clot polymerization (K time), and clotting angle (Ang) did not vary significantly over time in the hemorrhage or sham groups (p > 0.053). However, clot strength (MA) became significantly decreased in the hemorrhage group by D80 (mean diff D0 vs. D80 = −4.1 mm, 95% CI diff [−7.4, −0.8]). (Fig. 2) 
DISCUSSION
Our results suggest that primary changes in hemostatic function begin shortly after onset of traumatic hemorrhagic shock and continue to change according to the severity of shock. The earliest change in hemostatic function found was a reduction of clot strength. Consumption of fibrinogen combined with possible alterations in platelet function may contribute to the noted reduction in clot strength.
As expected, individual measures of systemic oxygen metabolism, perfusion, and anaerobic metabolism were highly correlated with increasing OD, indicating that OD did successfully describe a state of supply-depend hemorrhagic shock in our model. Oxygen debt (OD) is a complex measurement intended to quantify the cumulative degree of metabolic derangement having occurred during a period of supply-dependent shock. OD is affected by both the duration of shock and the severity of shock and, therefore, provided a precise estimate of shock severity as reflected by the lack of significant variability in corresponding metabolic indicators such as lactate and base excess at each preselected level of OD. Similar standardization of injury severity is not possible in traditional volume-or pressure-controlled models of hemorrhage as thehemorrhage volumes and blood pressures necessary to produce a standard OD among individuals is too variable reflecting individual compensatory responses to volume loss. 17, 
, 18
The reason for such an early and dramatic fall in fibrinogen concentration in our study remains unclear. Fibrinogen may become lost in the initial hemorrhage volume, consumed primarily at local sites of injury by thrombin-induced coagulation, or sequestered by binding to activated platelets and deposited in microcirculatory tissue beds. 19, 20 However, we did not appreciate the simultaneous reduction in platelet count that has been typically seen during hemorrhagic shock by other investigators, making increased sequestration by platelets less likely. 21 Acidosis has also been shown to increase fibrinogen consumption in a swine model and should be considered as a potentially important contributor to the witnessed fibrinogen consumption in our model. 22 The behavior of fibrinogen and blood pH were quite similar in that the greatest change in both parameters took place between the D0 and D40 measurements, with a relative leveling-off thereafter. This effect may be specific to fibrinogen since no other estimates of hemostasis by PT, PTT, or TEG `R' time behaved similarly. The cause of the rapid consumption of fibrinogen is likely multifactorial and has been attributed to a "coagulation process" in experimental studies which have used heparin to successfully inhibit fibrinogen consumption during hemorrhagic shock. 23 The significant loss of fibrinogen during shock may be directly related to the observed reduction in clot strength during severe shock. Clot strength (MA), as measured by TEG, is determined by multiple factors. During the process of clot formation, fibrin clot structure is first determined by the amount of thrombin generated, the amount of available fibrinogen, the rate of fibrin polymerization, pH, and degree of cross-linking. 24, 25 , 26 , 27 The clot then acquires its final functional properties after contraction by platelets.28 , 29 The amount of available fibrinogen alone can directly affect clot strength in the trauma population as demonstrated by Rugeri et. al. using rotational thromboelastography with platelet inhibition (FIBTEM).30 This functional test, in which platelet contraction is inhibited using cytochalasin D, leaves only the developing fibrin network to influence overall clot strength. This test was used to find a strong correlation between a reduction in clot strength by FIBTEM and falling fibrinogen concentration in a small sample of trauma patients.30 Similar early abnormalities affecting only TEG clot polymerization (K time) and clot strength (MA) were noted in a small retrospective review of penetrating injuries in the combat setting.31 In addition, experimental results similar to ours were also found in the normothermic arm of a swine hemorrhage study by Martini et al. that demonstrated a primary effect of hemorrhagic shock on clot strength (MA) and fibrinogen concentration prior to onset of other clotting abnormalities.32 Martini et al. has also found that the reduction in fibrinogen concentration during hemorrhage is a result of increased metabolic breakdown without an increase in synthesis and that increased fibrinogen breakdown corresponds with an isolated loss of clot strength by TEG.21 Furthermore, qualitative changes in clot fibrin structure can also directly impact clot function. Clots that are made up of thinner fibrin fibers with more cross-links are reported to have increased elastic modulus and are more resistant to fibrinolysis, while clots made up of larger fibers with fewer cross-links, which are characteristic of a reduced fibrinogen concentration, demonstrate lower elastic modulus and faster lysis.33 , 34 Changes in fibrinogen concentration and its effect on clot elastic modulus have also been detected in a mixed population of critically ill and injured patients and elastic modulus appears to vary linearly over a range of fibrinogen concentrations independent of platelet count. 35, 36 The changes in fibrinogen concentration noted in our study are likely to have contributed to the reduction in clot strength by TEG. Therefore, softer clots formed during shock may predispose them to enhanced rates of dissolution when exposed to lytic conditions. Importantly, the early reductions in clot strength that we noted occurred prior to any changes in clotting times, suggesting that early changes in clot quality and function may actually precede and possibly speed the onset of the hyperfibrinolytic state described by Brohi et al. 7 These early changes in clot quality taking place prior to fluid resuscitation may be important to consider when developing further theories of traumatic coagulopathy. This is potentially critical considering the practice and debate of fluid-restricted resuscitations.
Changes in platelet-induced clot retraction may have also contributed our observed reduction of clot strength during shock. When examining the period between OD40 and OD80, it is obvious that MA continued to decline while fibrinogen concentration remained stable. This suggests that additional factors related to the development of MA may be affected during severe shock. Clot initiation time (R), as a reflection of thrombin generation, platelet counts, and hematocrit did not change significantly during this time period. Therefore, reduced platelet contraction causing impaired clot retraction or changes in fibrin network cross-linking remain as potential mediators of the noted reduction in clot strength between D40 and D80. However, TEG alone has limited ability to detect isolated changes in platelet activity and poorly discriminates between fibrinolysis and clot retraction without incorporation of control samples utilizing platelet inhibitors. 37 The lack of simultaneous TEG data incorporating platelet inhibitors leaves us unable to definitively include a primary platelet effect on clot strength during hemorrhage.
Any conclusions drawn from our study should be tempered by several inherent limitations. First, the coagulation system of swine is known to be more reactive than that of humans and may have impacted our results. 38 The model also does not allow for evaluation of clotting function in response to isolated hemorrhage without tissue trauma. The addition of severe tissue trauma and long-bone fracture in combination with severe hemorrhage likely exaggerated the coagulopathy produced due to increased factor consumption at the various sites of injury. However, we believe this to be a more clinically relevant model over hemorrhage alone. Overall, the design of the study is comparative in nature and should only be hypothesis generating. In keeping with such design, we are unable to draw mechanistic or causative conclusions from the data. Effect of severe hemorrhagic shock on blood Fibrinogen concentration (Mean +/− SE) before hemorrhage (Oxygen Debt = 0 cc/kg) and after induction of severe hemorrhagic shock (Oxygen Debt = 40 and 80 cc/kg). Hemorrhage group N= 18 subjects, Sham N= 5 subjects. *= different than OD= 0 cc/kg, p value < 0.05, †=different than corresponding Sham sample, p value < 0.05 Effect of severe hemorrhagic shock on clot strength by Thrombelastography (TEG) Maximal Amplitude (Mean +/− SE) before hemorrhage (Oxygen Debt = 0 cc/kg) and after induction of severe hemorrhagic shock (Oxygen Debt = 40 and 80 cc/kg). Hemorrhage group N= 18 subjects, Sham N= 5 subjects. *=different than OD= 0 cc/kg, p value < 0.05. †=different than corresponding Sham sample, p value < 0.05 Table 1 Physiologic parameters measured before (Oxygen Debt = 0 ml/kg) and during traumatic hemorrhagic shock (Oxygen Debt 40 and 80 ml/kg). Blood cell counts and hematocrit measured before (Oxygen Debt = 0 ml/kg) and during severe traumatic hemorrhagic shock (Oxygen Debt = 80 ml/kg). 
CONCLUSION
Table 3
Coagulation parameters measured before (Oxygen Debt = 0 ml/kg) and during traumatic hemorrhagic shock (Oxygen Debt 40 and 80 ml/kg). 
